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Under certain circumstances, a subject’s ability to discriminate spatial features of a target may be hampered by neighbouring
contours. This phenomenon is popularly known as the ‘‘crowding eﬀect’’, and it has been intensely studied for photopic vision: little
attention has been paid to the eﬀect at lower light levels. The underlying basis of the crowding eﬀect has recently provoked some
conjecture, with Hess and colleagues claiming that a passive ‘‘physical’’ phenomenon may either wholly [Vis. Res. 40 (2000) 365], or
partially [J. Opt. Soc. Am. A––Opt. Image Sci. Vis. 17 (2000) 1516], account for the eﬀect. In order to investigate the crowding eﬀect
under scotopic conditions, we conducted scotopic frequency of seeing experiments for Landolt C targets presented both with, and
without, ﬂanking bars; the size of the targets was varied so that frequency of seeing curves could be derived for each stimulus
condition. Our results suggest that the spatial extent of crowding is signiﬁcantly less for scotopic vision than for photopic vision at
the same eccentricity––furthermore the eﬀect does not seem to scale in proportion to target size. We also compared the resulting
empirical curves to those that would be predicted by the hypothesis of Hess and colleagues. Our results do not support the
hypothesis that the scotopic crowding eﬀect is caused by a passive physical process.
 2003 Elsevier Ltd. All rights reserved.
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The discriminability of an object at a given contrast
and mean luminance is not only dependent upon its
angular subtense, but also upon the nature and position
of any surrounding detail. The ability of distant con-
tours to impair spatial discrimination is commonly
known as ‘‘crowding’’, and researchers studying reading
in the early 20th century were amongst the ﬁrst to de-
scribe the eﬀect (Ehlers, 1936; Korte, 1923; Woodworth,
1938). More than a quarter of a century later, Flom,
Weymouth, and Kahneman (1963) performed the now
classic crowding experiment in which four ﬂanking bars
were presented adjacent to a Landolt C at various dis-
tances. These researchers were able to show that their
subjects’ ability to discriminate the orientation of the
gap in a Landolt C was only reduced when the bars were
within a certain distance of the C. This critical distance* Corresponding author. Present address: Department of Clinical
Medicine, University of Cambridge, Cambridge CB2 2PS, UK. Fax:
+44-122-357-6157.
E-mail address: mps23@cam.ac.uk (M.P. Simunovic).
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doi:10.1016/j.visres.2003.11.019is commonly expressed as a multiple of the minimum
angle to be resolved, although the crowding eﬀect is still
present when the ﬂanking bars directly abut the target.
The basis of crowding has provoked some conjecture;
however, most investigators favour a ‘‘physiological’’
explanation (Flom, Heath, & Takahashi, 1963; Gilbert,
1992; Tripathy & Cavanagh, 2002; Tripathy & Levi,
1994). There has been debate amongst those who hold to
this physiological thesis as to the locus of the eﬀect:
however, it has been shown that crowding is robust to
dichoptic presentation (Flom, Heath et al., 1963), and
thus by implication it has been suggested that the eﬀect
occurs after binocular combination. Physiological
explanations of crowding suggest that it may be attrib-
utable to lateral interaction between neurons, to a dis-
turbance in pattern recognition or to a modulation of
attention (Tripathy & Cavanagh, 2002). A recent and
intriguing suggestion is that the eﬀect may be due, either
partially or wholly, to the computational analysis of the
Fourier spectrum of targets by the visual system. This
latter theory is a development of the work of Bondarko
and Danilova (1997) who noted a discrepancy between
their subjects’ ability to determine the orientation of a
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attempt to account for this discrepancy, Bondarko and
Danilova (1997) analysed the Fourier spectrum of a
Landolt C both along an axis running through the gap
in the C, and along an orthogonal axis. When the
amplitude spectrum for the latter direction was sub-
tracted from the former, the peak frequency of the
resultant ‘‘amplitude diﬀerence spectrum’’ (ADS) was
found to be at 1.15–1.30 cycles per letter. Thus the peak
frequency of the ADS is approximately half that of the
equivalent spatial frequency of the gap size of the C:
Bondarko and Danilova suggested that this might ac-
count for the seemingly superior performance of their
subjects at Landolt C acuity tasks. Extending upon this
work, Hess, Dakin, and Kapoor (2000a) found that
introducing same polarity ﬂanking bars at a distance
of one gap’s width from a Landolt C shifted the peak
frequency of the ADS from about 1.25 cycles per letter
(for a Landolt C in isolation) to 1.75 cycles per letter.
They argued that the visual system tracks this alteration
to the ADS, and that this shift is either partially (Hess
et al., 2000a), or wholly (Hess, Dakin, Kapoor, & Te-
wﬁk, 2000b), responsible for the crowding phenomenon
(depending on the circumstances). A more extensive
theoretical and empirical analysis by Liu (2001) suggests
that this physical hypothesis does not account for the
foveal crowding eﬀect. Liu found that his empirical data
did not coincide with the results predicted from shifts in
the peak frequency of the ADS. In some instances,
crowding is evident when the physical hypothesis would
predict that it should not occur (i.e. when the bars di-
rectly abut the Landolt C), and in other instances there
is little or no crowding eﬀect when it should be evident.
Most investigations of crowding have been limited to
studying the eﬀect for high contrast targets presented at
photopic illumination levels. Whilst a few studies have
been directed at examining the eﬀect at lower contrasts
(Kothe & Regan, 1990; Simmers, Gray, McGraw, &
Winn, 1999), none have explored the phenomenon
under lower illumination conditions. Scotopic vision
diﬀers from photopic vision in many and obvious ways.
Photopic vision has a relatively high spatial resolution
(which is highest in that portion of the visual ﬁeld that
corresponds to the fovea) (Westheimer, 1992), it has
colour (Sharpe, Stockman, Jaegle, & Nathans, 1999)
and it is exquisitely sensitive to ﬂicker and to movement
(Hart, 1992). Scotopic vision, in contrast, has poorer
spatial resolution (especially if foveal ﬁxation is used)
(Westheimer, 1992), is colour-blind (Sharpe et al., 1999),
and is relatively insensitive to movement and to ﬂicker
(Hart, 1992). These diﬀerences are reﬂected physiologi-
cally from the very ﬁrst stages of visual processing. The
scotopic system utilises the rod photoreceptors, whose
temporal response characteristics (Hart, 1992), uniform
spectral sensitivity (Lythgoe & Partridge, 1991), and
lateral connections (Davson, 1990) help to maximise thesignal to noise ratio for detecting luminance diﬀerences
at low light levels. The photopic system uses the cone
photoreceptors, which have relatively fast temporal re-
sponse characteristics (Hart, 1992), possess three kinds
of photopigment (Sharpe et al., 1999), and show a lower
degree of convergence onto ganglion cells than do the
rods (Davson, 1990). The photopic and scotopic visual
systems share higher neural machinery (Lee, Smith,
Pokorny, & Kremers, 1997), although it has also been
demonstrated that dark adaptation brings about chan-
ges in the receptive ﬁeld of ganglion cells: when dark
adapted, they display slightly wider centre ﬁelds with
weakly responsive surrounds (Peichl & W€assle, 1983).
Relatively little is understood of the changes in post-
ganglionic processing that is accompanied by dark
adaptation.
Given the very clear diﬀerences in the structure and
function of the scotopic and photopic visual systems,
should we expect the phenomenon of crowding to diﬀer
for the two? Because the rod pathway feeds into that of
the cones via the AII amacrine cells, and because the
spacing of the sampling mosaic implied by acuity mea-
sures is similar for peripheral photopic and scotopic
vision (Lennie & Fairchild, 1994), we might anticipate
that crowding should be evident at a similar angular
separation between target and ﬂanker (provided that we
also assume that the basis of crowding is the same for
scotopic vision). However, it is possible that changes in
post-receptoral processing that accompany dark adap-
tation could bring about alterations in the extent and/or
magnitude of crowding.
Our aim, therefore, was to investigate the crowing
eﬀect under scotopic conditions and to compare our
data to previously published results of crowding in
peripheral photopic vision. Furthermore, we aimed to
compare our results to the predictions of the ‘‘physical’’
model of crowding postulated by Hess and colleagues
(Hess et al., 2000a).2. Subjects and methods
Three experienced subjects (MPS, RIC and HR), and
one na€ıve subject (SGT) took part in these experiments.
These subjects did not suﬀer from any form of oph-
thalmic pathology, nor were they suﬀering from any
systemic condition known to aﬀect vision.
Before commencing the tests, subjects underwent 40
min of dark adaptation. The subjects were then required
to identify the orientation of the gap in a Landolt C
target generated by an Acorn RiscPC computer (RISC
OS, Cardiﬀ, UK) and presented on a Sony CPD G500
computer graphics monitor (Sony Corp., Weybridge,
UK). The target itself was oriented randomly in one
of four positions: up, down, left or right. The subject
indicated the orientation of the gap by responding via a
M.P. Simunovic, R. Calver / Vision Research 44 (2004) 963–969 965button box: targets were presented for 4 seconds and
subjects were required to make their response within this
time, otherwise a new trial commenced and an incorrect
response was recorded. 1 Testing was preceded by a 15-
min practice session in which the subjects familiarised
themselves with the task. During testing, they sat at a
distance of 1.2 m from the graphics monitor and had
one eye occluded. Pilot experiments conducted using a
dim red ﬁxation target positioned next to the graphics
monitor revealed that if ﬁxation was held constant, the
test target rapidly faded perceptually, making the task
exceedingly diﬃcult; to overcome this, it was necessary
for the subject to make an eye movement. Given this
diﬃculty, and the fact that the scotopically adapted vi-
sual system (outside the very central area corresponding
to the fovea) has a fairly constant resolution vs. eccen-
tricity (Lennie & Fairchild, 1994), we eschewed this
ﬁxation target and allowed our subjects to maintain
ﬁxation along one of the vertical edges of the graphics
monitor (i.e. they used approximately 10 of temporal
eccentric viewing).
The Landoldt C target was presented in negative
contrast; in order to achieve scotopic luminance levels,
three dark grey sheets of Rohm and Haas #2760 grey
plexiglass (Rohm and Haas UK Ltd., Dewsbury, UK)
were attached to the front of the computer graphics
monitor. The luminance of the background (calculated
from the luminance measured under photopic condi-
tions and the known transmission properties of the ﬁl-
ters) was 0.001 scotopic cdm2; the luminance of the
stimulus was 0.00001 scotopic cdm2; thus the contrast
was equal to 98%. The system was calibrated using a
Pritchard PR-650 telespectroradiometer (Photoresearch,
Chatsworth, CA, USA) and a CRS OptiCal photometer
(Cambridge Research Systems, Kent, UK).
There were seven conditions in which the target was
presented: without ﬂanking bars, or with four ﬂanking
bars placed either abutting the Landolt C or at a dis-
tance of one, two, three, four or ﬁve gaps’ width from
the target. The ﬂanking bars were one gap width across
and ﬁve gaps’ width in height, and were positioned to
the left, right, above and below the C in the classical
conﬁguration utilised by Flom, Weymouth et al. (1963).
During each experimental session, 100 stimuli were
presented for each condition; the size of the stimulus was
held constant and the order of presentation of the dif-
ferent conditions was randomised. Subjects performed
this task over a range of stimulus sizes so that frequency
of seeing curves could be derived. The order of sessions,
in terms of the size of the target, was randomised for
each subject. Once each subject had performed one
complete set of experimental sessions (i.e. one session1 Once the subjects had undergone the practice session, it was rare
for them not to respond within this time limit.for each stimulus size), another complete set was per-
formed; in this latter instance the order of stimulus sizes
was reversed. Thus we determined the frequency of
correct responses for 200 presentations in each condition
at each target size. The results were collected over a
number of days: at each sitting, the subject performed
an average of four sessions.
We favoured an approach whereby frequency of
seeing curves could be derived because it provides a very
simple means of testing whether or not the scotopic
crowding eﬀect can be attributed to the physical process
proposed by Hess and colleagues. The latter’s hypoth-
esis would predict that the shift in the ADS (expressed in
terms of cycles per letter) caused by the introduction of
ﬂanking bars is constant across stimulus sizes; this in
turn should be reﬂected as a horizontal translation of
the frequency of seeing curve (when plotted on a loga-
rithmic abscissa).3. Results
Each set of results was ﬁtted with a logistic function
of the form
P ¼ cþ ð100 cÞ
1þ eðh0hÞ=dh
Where P is the (percentage) probability of the subject
correctly identifying the orientation of the gap, c is the
guessing rate (in this case 25%), h0 is equivalent to the
logMAR threshold (i.e. the gap size at which the subject
could discriminate the orientation of the gap on 62.5%
of occasions) and dh is a slope constant (the slope of the
curve at the point h ¼ h0 is given by S ¼ ð100cÞ4dh ).
We also applied the predictions of Hess and col-
leagues (Hess et al., 2000a, 2000b) and those developed
by Liu (2001) to calculate theoretical frequency of seeing
functions for the ﬂanked conditions. This involved a
simple horizontal translation of the frequency of seeing
curve for the unﬂanked condition. The precise amount
of translation that one might expect is rather unclear:
however we followed the assumptions of Liu (2001).
Thus the amount of horizontal translation (if any) was
assumed to be directly proportional to the calculated
shift in the peak frequency of the ADS. In fact, the peak
frequency of the ADS is only shifted for two of our
conditions; there is a shift to 1.45 cycles per letter 2 when
ﬂanking bars are introduced at one gap’s width distance
from the Landolt C, and there is also a shift to 1.08
cycles per letter when the ﬂanking bars are introduced at
ﬁve gaps’ width distance from the C (Liu, 2001).2 Note that we use the value calculated by Liu (2001), rather than
the ﬁgure of 1.75 cycles per letter calculated by Hess and colleagues
(Hess et al., 2000a, 2000b).
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966 M.P. Simunovic, R. Calver / Vision Research 44 (2004) 963–969The empirical and theoretically derived ﬁtted logistic
functions for each subject are detailed in Table 1. Fig. 1
illustrates a complete set of psychometric functions for
the observer MPS. Also shown are the percentage cor-
rect responses versus C to bar separation for ﬁxed
Landolt-C sizes where the percentage of correct re-
sponses was within the range of 74–91.5% for the un-
ﬂanked condition (Fig. 2).
The ﬁtted curves reveal that the bars in two of the
ﬂanked conditions (with bars directly abutting the C and
at one gap’s width distance) reduce the subject’s ability to
correctly determine the orientation of the target. In the
case of bars directly abutting the Landolt C, the ﬁtted
curve is signiﬁcantly ﬂatter than the predicted curve (i.e.
dh increases, Robust Rank order U ¼ 1, P < 0:01; h0
is also signiﬁcantly increased, Robust Rank order
U ¼ 1, P < 0:01). When the ﬂanking bars are at one
gap’s width distance from the C, then the ﬁtted logistic
function falls close to that predicted by the work of Hess
and colleagues (h0 is signiﬁcantly increased, Robust
Rank order U ¼ 4:484, P < 0:025). The slope of the
ﬁtted curve (and hence dh) for this condition is not sig-
niﬁcantly diﬀerent from that for the unﬂanked C (Robust
Rank order U ¼ 0): this suggests that a horizontal shift
has occurred. The frequency of seeing curves for the
remaining ﬂank to Landolt C separations are not sig-
niﬁcantly diﬀerent from those for the unﬂanked condi-
tion, despite the fact that there is a shift in the ADS
brought about by one of these conditions (bars situated
at ﬁve gaps’ width distance from the Landolt C).
We also used the analysis technique proposed by
Tripathy and Cavanagh (2002) to determine the spatial
extent of crowding. To derive the extent of crowding,
the percentage correct responses for ﬁxed Landolt C
sizes were plotted against target to bar separation. The
spatial extent of crowding was taken to be the C to bar
separation at which a ﬁtted sigmoidal curve dropped by
a factor of e1 (e ¼ 2:718) from the upper asymptote of
the curve. 3 The results for each subject are plotted in
Fig. 3. It should be noted that there was no evidence to
suggest that the extent of scotopic crowding scales to
target size, in fact the extent of crowding increased
slightly with decreasing target size.4. Discussion and conclusion
Our results suggest that the crowding eﬀect is
apparent under scotopic conditions. For our sample,
this eﬀect reached statistical signiﬁcance for contours
directly abutting the Landolt C, and at one gap’s width
distance from the C.3 The default lower asymptote is 25%. This means that (theoreti-
cally) a reduction in the magnitude of the crowding eﬀect could also
result in a seemingly decreased extent of interaction.
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Fig. 1. Results for subject MPS. (a) shows the frequency of seeing data for the unﬂanked condition, and (b) for the abutting condition. (c)–(g) Show
the frequency of seeing data for bars at one, two, three, four and ﬁve gaps’ width separation from the C. In each case, the data have been ﬁtted with a
logistic function (solid line). The values for h0 and dh for the ﬁtted functions are also displayed on each graph. The dashed logistic function shows the
predicted frequency of seeing curve, based upon the shift to the peak frequency of the ADS. The dotted logistic function ((c) and (g) only) shows the
logistic function for the unﬂanked Landolt C.
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Fig. 2. Percentage correct versus C to bar separation for ﬁxed Landolt C sizes. (a) Subject MPS for h ¼ 1:20, (b) subject RIC for h ¼ 1:24, (c) subject
SGT for h ¼ 1:16 (logMAR) and (d) subject HR for h ¼ 1:20.
968 M.P. Simunovic, R. Calver / Vision Research 44 (2004) 963–969The scotopic crowding eﬀect cannot be accounted for
by a simple physical mechanism of the type proposed by
Hess and colleagues for several reasons. The ﬁrst is that
the theory of Hess et al. (2000a, 2000b) assumes that the
shift in the peak frequency (in terms of cycles per letter)
is independent of target size. If the visual system tracks
such shifts in the peak frequency of the ADS, then this
should be reﬂected as a horizontal translation of the
frequency of seeing curve (when plotted on a logarith-
mic abscissa), and not as an alteration to its slope. Our
results would suggest that, for the abutting condition at
least, the scotopic crowding eﬀect produces a change in
the slope of the frequency of seeing curve. Such a change
is not peculiar to the scotopic crowding eﬀect: others
who have investigated the crowding eﬀect for photopic
vision have produced similar alterations under certain
conditions 4 (Flom, Weymouth et al., 1963). Secondly,4 Under other conditions, however, the curve may be unaltered in its
shape (Anderton, 1974).abutting bars of the same polarity do not produce a shift
in the peak frequency of the ADS. Thus the physical
theory would not anticipate an eﬀect for this condition;
our results show, however, that the eﬀect is maximal in
this instance. Third, of all of our experimental condi-
tions, the one that produced the greatest shift in the
ADS (and hence should have yielded the greatest
‘‘crowding’’ eﬀect) was the condition in which the bars
were situated at one gap’s width distance from the
Landolt C. Although there appeared to be a signiﬁcant
eﬀect for this condition, it was less marked than for the
abutting condition. Finally, if the visual system does
indeed track changes in the peak frequency of the ADS,
then we would anticipate an eﬀect to be present when
ﬂanking bars are placed at ﬁve gaps’ width distance
from the Landolt C (Liu, 2001): this did not occur.
The extent of interaction for scotopic conditions ap-
pears to be signiﬁcantly smaller than for photopic con-
ditions at the same eccentricity. Our results suggest that
the spatial extent of scotopic crowing is 0.6 at most; the
spatial extent under photopic conditions at 9.2 eccen-
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Fig. 3. The extent of interaction for all subjects plotted as a function
of target size. Filled squares represent HR’s data, ﬁlled circles MPS’s,
ﬁlled triangles RIC’s and inverted triangles SGT’s.
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would suggest that the mechanism(s) responsible for the
eﬀect are modulated by dark adaptation. This modula-
tion may be a re-organisation of lateral connections in
the ‘‘early’’ visual cortex or a change in the receptive
ﬁeld properties of these cells (if crowding is due to
centre-surround antagonism, then a decrease in the
spatial extent of the surround would lead to a decrease
in the extent of interaction). Tripathy and Cavanagh
have postulated that such hypotheses of crowding re-
quire the spatial extent of interaction to scale to target
size: however, we found no evidence to suggest that this
is the case for scotopic vision. Our data are more con-
sistent with a target size invariant mechanism: the locus
of the eﬀect may be in the same region as that which
mediates crowding under photopic conditions, albeit
with an alteration in receptive ﬁeld size, and/or with a
reduction in eﬃcacy––both would have the eﬀect of
decreasing the apparent extent of crowding when using
the analysis of Tripathy and Cavanagh (2002). An
alternative hypothesis, which cannot be ruled out, is that
the locus of the eﬀect resides in a completely separate
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